There has been considerable interest in the use of creatine (Cr) supplementation to treat neurological disorders. However, in contrast to muscle physiology, there are relatively few studies of creatine supplementation in the brain. In this report, we use high-field MR 31 P and 1 H spectroscopic imaging of human brain with a 7-day protocol of oral Cr supplementation to examine its effects on cerebral energetics (phosphocreatine, PCr; ATP) and mitochondrial metabolism (N-acetyl aspartate, NAA; and Cr). We find an increased ratio of PCr/ATP (day 0, 0.80 Ϯ 0.10; day 7, 0.85 Ϯ 09), with this change largely due to decreased ATP, from 2.7 Ϯ 0.3 mM to 2.5 Ϯ 0.3 mM. The ratio of NAA/Cr also decreased (day 0, 1.32 Ϯ 0.17; day 7 1.18 Ϯ 0.13), primarily from increased Cr (9.6 Ϯ 1.9 to 10.1 Ϯ 2.0 mM). The Cr-induced changes significantly correlated with the basal state, with the fractional increase in PCr/ATP negatively correlating with the basal PCr/ATP value (R ϭ Ϫ0.74, P Ͻ 0.001). As NAA is a measure of mitochondrial function, there was also a significant negative correlation between basal NAA concentrations with the fractional change in PCr and ATP. Thus healthy human brain energetics is malleable and shifts with 7 days of Cr supplementation, with the regions of initially low PCr showing the largest increments in PCr. Overall, Cr supplementation appears to improve high-energy phosphate turnover in healthy brain and can result in either a decrease or an increase in high-energy phosphate concentrations. high-energy phosphates; brain; N-acetyl aspartate; metabolism SEVERAL GROUPS HAVE SHOWN that oral creatine (Cr) supplementation can affect energy dynamics and performance in muscle (4, 17, 22) and brain (7, 12, 16, 24) . In both of these tissues where energy demand and ATP consumption may be temporally dynamic, relatively higher concentrations of creatine and phosphocreatine are found, presumably for its physiological role as a buffer for ATP. Also found in these tissues are mitochondrial and cytosolic creatine kinase isoforms that serve to transfer high-energy phosphate equivalents between the sites of production and consumption. Thus, as suggested in muscle (3, 18), Cr supplementation may enhance both the spatial and chemical buffering of high-energy phosphates, and this effect may contribute to the functional consequences of supplementation. For example, Watanabe et al. (24) used a double-blind placebo-controlled study of short-period creatine supplementation (5 days) to affect cognitive performance, finding that the cognitive decline associated with mental fatigue was reduced with a brief period of creatine supplementation (8 g/day for 5 days). Although these considerations have contributed to the therapeutic use of creatine in neurological diseases in which metabolic and mitochondrial dysfunction is pertinent [e.g
SEVERAL GROUPS HAVE SHOWN that oral creatine (Cr) supplementation can affect energy dynamics and performance in muscle (4, 17, 22) and brain (7, 12, 16, 24) . In both of these tissues where energy demand and ATP consumption may be temporally dynamic, relatively higher concentrations of creatine and phosphocreatine are found, presumably for its physiological role as a buffer for ATP. Also found in these tissues are mitochondrial and cytosolic creatine kinase isoforms that serve to transfer high-energy phosphate equivalents between the sites of production and consumption. Thus, as suggested in muscle (3, 18) , Cr supplementation may enhance both the spatial and chemical buffering of high-energy phosphates, and this effect may contribute to the functional consequences of supplementation. For example, Watanabe et al. (24) used a double-blind placebo-controlled study of short-period creatine supplementation (5 days) to affect cognitive performance, finding that the cognitive decline associated with mental fatigue was reduced with a brief period of creatine supplementation (8 g/day for 5 days). Although these considerations have contributed to the therapeutic use of creatine in neurological diseases in which metabolic and mitochondrial dysfunction is pertinent [e.g., Huntington's disease, amyotrophic lateral sclerosis (8, 11) ], what governs the extent of Cr-induced change in the brain has not been evaluated. This may be important, as it may provide an estimate of who may benefit from creatine, as well as provide insight as to the malleability of brain energetics.
In this study, we examine the metabolic and energetic effects of creatine supplementation in human brain using in vivo quantitative 1 H and 31 P spectroscopic imaging. We determine hippocampal measurements of total creatine, N-acetyl aspartate (NAA) and their spectroscopic ratio NAA/Cr. NAA has been shown by Bates et al. (2) and Patel and Clark (15) to be sensitive to oxygen consumption and neuronal ATP synthesis, with its synthesis well correlated with mitochondrial oxidation and has thus been interpreted as a measure of neuronal mitochondrial function. NAA has thus been substantively studied with numerous neurological disorders finding significantly depressed values for NAA/Cr (1, 10, 19) . In the present 31 P studies, we determine the in vivo concentrations of the high-energy phosphates phosphocreatine (PCr), ATP, and their raw spectroscopic ratio. With these measurements, we studied n ϭ 12 healthy volunteers to evaluate the basal state and changes in these compounds before and after a 7-day period of 20 g/day creatine supplementation.
METHODS
Healthy volunteers (n ϭ 12; 5 women; mean age 32 Ϯ 9 years) and not previously taking creatine within the past year were studied. Studies were performed at baseline and after 7 days of creatine supplementation at 20 g/day. All volunteers were asked to take creatine monohydrate (Avicena Group, Palo Alto CA) at a dosing of 10 g twice daily as mixed in a juice drink. Volunteers were asked to maintain a consistent daily schedule of work/activity so as to optimize data consistency. All volunteers were MR screened before participation so as to be familiar with the magnet environment. All studies were performed with the approval of the local Institutional Review Board for compliance with ethical research in humans.
All imaging data were acquired using a high-field (4 T) human whole body MR system (Varian Inova, Vernon Hills, IL) with volume transverse electromagnetic detectors ( 1 H and double tuned, 31 P-1 H) (20) . For each volunteer, the two MR studies ( 1 H, 31 P) were performed sequentially within a 3-h period. In both studies, the imaging plane was angulated along the planum temporale. The 1 H spectroscopic imaging data were acquired using a three-dimensional localized adiabatic refocusing sequence (10) Analysis was performed as previously described in each hippocampus with reproducibility of these measurements between 3 and 9% (6) . Fig.  1A shows a typical example of the hippocampal locations and spectra.
31 P spectroscopic images were collected using a one-pulse acquisition and three dimensions of phase encoding with spherical sampling 13 ϫ 13 ϫ 13, FOV ϭ 24 ϫ 24 ϫ 24 cm). To provide anatomical reference positions, high-contrast whole brain images were acquired. Data were analyzed using in-house written software spectroscopic imaging display with a single-voxel reconstruction previously described (5, 10) , in which voxels are anatomically positioned using the infrared gradient echo scout image resolution. Reproducibility of the 31 P data acquisition is 10%. Spatial processing was performed with a Hanning spatial filter, which resulted in a negligible contribution of skeletal muscle tissue volume to the hippocampal voxels. The typical duration of the 31 P study was 75 min. Regional analysis was performed on three locations (Fig. 1B) , mesial temporal lobe (left and right hippocampus and surrounding temporal lobe), neocortical tissue (a mean of measurements made from the left and right parasagittal occipital lobe), and the striatum (subcortical tissue, left and right caudate and putamen). The 1 H and 31 P magnetic resonance spectroscopy data were acquired as separate studies; their analyses for ratios and concentrations were also independent. The calculation of ADP concentrations, however, does inter-relate the 1 H and 31 P data (23), as it is based on the creatine kinase equilibrium, which uses the total creatine values from 1 H data and the high-energy phosphate values from 31 P data. ADP was, therefore, only determined from medial temporal lobe data.
All volunteers were studied in the morning after an overnight fast, with the 31 P and 1 H studies performed before and following breakfast, respectively. Volunteers were permitted to sleep during MR data acquisition.
Group data were compared using a paired Student's two-tailed t-test at P Ͻ 0.05. Pearson correlations were performed between parameters acquired at day 0 (D0) with their subsequent fractional [day 7 (D7)ϪD0]/D0 changes with significance taken at P Ͻ 0.05. As ad hoc measurements based on hypothesis testing, cross-correlations were also tested with significance taken at P Ͻ 0.05.
RESULTS
Group results between D0 and D7. As a group, volunteers gained a small amount of weight (1.1 Ϯ 0.5 lb) over the 7-day period. Complaints were all mild in severity, consisting of diarrhea (n ϭ 2), muscle cramps (n ϭ 3), and headache (n ϭ 2). No major changes in laboratory values of renal or liver function were noted. None of the volunteers needed to discontinue the study due to difficulties with creatine. Figure 1 shows typical 1 H and 31 P data acquired from a single volunteer. The approximate tissue sizes of the spectroscopic measurements are shown in the scouts, with the smallest voxel size achieved with the 1 H measurements. Tables 1 and 2 show the 1 H and 31 P metabolite ratios and concentrations of the measured compounds, respectively. On D0, the mean NAA/Cr was 1.32 Ϯ 0.17, which declined to 1.18 Ϯ 0.13 by D7 (P Ͻ 0.001). Although an increase in Cr (D0, 9.6 Ϯ 1.9; D7, 10.1 Ϯ 2.0, P Ͻ 0.05) was the main cause for the lowered ratio, it is notable that NAA/Ch (NAA:choline ratio) also declined by D7. With quantification, there was a trend for a decline in NAA (P ϭ 0.11), but this was not significant, while choline did not change.
As a group, significant increases in PCr/ATP were found in the medial temporal lobe and striatum (in the temporal lobe, D0, 0.80 Ϯ 0.10; D7, 0.85 Ϯ 0.09; P Ͻ 0.01). Although measurement error is approximately the same in the occipital lobe relative to the subcortical locations, the occipital change in the ratio was less. In these two regions, a group decline in ATP (temporal lobe, D0, 2.7 Ϯ 0.03; and D7, 2.5 Ϯ 0.3, P Ͻ 0.02) appeared to be driving the increased ratio with no major increases seen in PCr.
Correlations between basal state (D0) with extent of change: 31 P data. There was variability in the energetic changes and uptake of creatine. In considering what may be some of the causes of this variability, we considered whether interindividual variability in basal state may be contributing. Figure 2A shows that the ratio of medial temporal lobe PCr/ATP at baseline is significantly correlated with the fractional decline in PCr/ATP over the 7-day period, R ϭ Ϫ0.74, P Ͻ 0.001. (If the null hypothesis were true with no change between D0 and D7, the correlation coefficient should be zero). In particular, those with the lowest basal PCr/ATP generated the greatest increase in PCr/ATP over the 7 days, while regions with a higher basal PCr/ATP value showed negligible change. Similar results were found for the striatum and occipital lobe (R ϭ Ϫ0.74, P Ͻ 0.001, R ϭ Ϫ0.57, P Ͻ 0.05 respectively, data not shown).
The changes in PCr/ATP may be resulting from changes in PCr and/or ATP. Figure 3 shows that both the basal PCr and ATP correlated significantly and negatively with their frac- tional changes, with R ϭ Ϫ0.79 P Ͻ 0.001; R ϭ Ϫ0.76 P Ͻ 0.001, respectively. A linear regression of these data with the independent variable being D0 PCr and D0 ATP demonstrated x-intercepts ("crossover" points) at 3.29 mM and 2.51 mM, that is, above these concentrations, PCr and ATP decline with creatine supplementation; below these concentrations, they increase. As above, similar negative correlations were found in the striatum and occipital lobe.
Correlations between basal state (D0) with extent of change: 1 H and 31 P data. Similarly, the basal hippocampal NAA/Cr also correlated significantly with the fractional change in hippocampal NAA/Cr (R ϭ Ϫ0.73 P Ͻ 0.001 Fig. 3A) . Specifically, regions with lower basal NAA/Cr demonstrated increases in NAA/Cr, while regions with higher basal NAA/Cr showed declines. Although it is possible that this ratio shift is due to creatine changes directly, neither NAA nor Cr demonstrated correlations with their respective changes. However, with NAA as a measure of neuronal mitochondrial function, we considered that baseline D0 NAA would influence the extent of Cr-induced high-energy phosphate changes. Thus an ad hoc comparison of hippocampal D0 NAA with fractional changes in medial temporal lobe PCr and ATP were both found to correlate negatively, R ϭ Ϫ0.42 P Ͻ 0.05 and R ϭ Ϫ0.41 P Ͻ 0.05, respectively. No such correlations were seen with D0 Cr.
DISCUSSION
Oral creatine supplementation affects high-energy phosphates and NAA, Cr values. Consistent with literature data (12), we find that a 7-day protocol of oral creatine supplementation results in an increase in PCr/ATP. The spectroscopic imaging results demonstrate that the increase is most clearly observed in deeper gray matter structures, including the medial temporal lobe (hippocampus) and subcortical nuclei, while occipital lobe tissue showed similar but nonsignificant changes ( Table 2) . As a group, quantification of these changes showed that the major change was a decline in ATP, while there was relatively little group change in PCr. At the same time, in the hippocampus, a significant decline in NAA/Cr was seen, also consistent with literature (7, 21) . As expected, the major cause for the change in NAA/Cr is an increase in creatine; however, there was a tendency for NAA to decline as well ( Table 1) .
Extent of high-energy phosphate changes depend on the basal state. The cerebral effect of creatine supplementation varied between individuals and also varied depending on the local energetic state of the brain. We found that those regions with low PCr and ATP values prior to supplementation increased their concentrations, while regions with high PCr, ATP values decreased their concentrations. Because of a difference in the y-intercept (crossover points) in PCr and ATP compared with their mean values (e.g., the measured mean ATP level of 2.68 mM is larger than the ATP crossover value of 2.51 mM, Fig. 2, B and C) , as a group, ATP concentrations dropped while PCr concentrations stayed roughly the same. Consequently, the ratio of PCr/ATP increased with supplementation, but also as a function of baseline PCr/ATP (R ϭ Ϫ0.74 P Ͻ 0.001), the largest increases occurring with lower D0 PCr/ATP.
NAA and high-energy phosphates. As a measure of neuronal mitochondrial function, we anticipated that similar findings would occur with NAA. Our group previously used quantitative MR spectroscopic imaging to find that interindividual differences in NAA concentrations correlated positively with calculated ADP (13), a finding that we interpreted in terms of the relation between mitochondrial function and a key regulator of oxidative function. The present D0 data reiterate this finding (data not shown); furthermore, as an ad hoc examination, we found that the Cr-induced fractional changes in ADP concentrations positively correlated with the fractional change in NAA concentrations, R ϭ ϩ0.49, P Ͻ 0.02 (Fig. 4) . One interpretation of this is that in the healthy brain, ADP regulates NAA, i.e., that cellular energetic state regulates mitochondrial function as suggested earlier.
Conversely, given the negative correlations between D0 NAA with fractional changes in PCr and ATP (Fig. 3, B and  C) , NAA may influence the extent of Cr-mediated effect on high-energy phosphates, with a greater D0 NAA resulting in larger high-energy phosphate declines. However, given the relationship of NAA with ADP, it is likely that the multiple changes in NAA, PCr, and ATP are concerted events occurring during the 7-day protocol.
Creatine supplementation in brain and muscle. Integrating these data, several findings are notable. First, ATP, PCr, and NAA concentrations and their ratios in the healthy brain are not static. Second, oral creatine supplementation modifies the available pool of high-energy phosphates in a relatively systematic manner that is not solely based on the creatine kinase equilibrium. Given this equilibrium,
it is possible that increasing Cr could have several different outcomes. However, in tissues with low initial PCr/ATP, increasing available Cr does not increase PCr or ADP (or NAA, which appears to be linked to ADP), but rather decreases ATP, with variably decreased ADP (and NAA). In tissues with high initial PCr/ATP, increasing available Cr results in small increases in ATP, with variably increased ADP (and NAA). In both of these situations, Cr may be described as improving high-energy phosphate turnover, either from enhancing efficiency of coupling between production and consumption [mitochondria and cytosol, as suggested originally in muscle by (3, 18) ], or from increasing production and consumption directly. These energetic effects may contribute to the apparent improvement of cognitive performance in the functional studies of Watanabe et al. (24) and Rae et al. (16) . The situation of enhanced efficiency characterizes the predominant situation in the present data, as the majority of the data demonstrated a decline in ATP. It should be noted in general, however, that the interpretation of these data assumes the premise that the aver- age amount of cerebral work performed by our volunteers was not different between D0 and D7 (none of our volunteers experienced major environmental change or stressors during this period). Importantly, while these data demonstrate a systematic effect on creatine use in the brain, what is guiding these effects is unclear. One possibility is that the adjustments in highenergy phosphates adhere to a preexisting level of free energy of ATP hydrolysis. This will need to be examined more carefully with studies that include quantification of inorganic phosphate (P i ) and direct calculation of the free energy. Notably, although the present data acquisition was designed to robustly examine PCr and ATP, the accuracy of the P i resonance was relatively less. The concentration of D0 P i was 0.85 Ϯ 0.28 mM, and ad hoc consideration of the P i resonance, however, did not reveal any specific relationships. Better methods (such as using a spin echo acquisition and/or higher magnetic field) exist to specifically target P i and may be helpful for future studies.
Our present data are similar to muscle studies by Rawson et al. (17) , who found that tissues with preexisting low levels of PCr showed greater creatine-mediated PCr increases (i.e., a negative correlation). Notably, however, in that cohort, no clear decline in muscle PCr was seen (range of increase was 2Ϫ9 mM). This contrasts to the present study in which we have seen both increases and decreases in PCr, ATP, and NAA. The etiology of the difference between muscle and brain may be complex, possibly a consequence of restricted brain osmolarity, which is much less of an issue for muscle.
For neurological disorders that are manifest with depressed high-energy phosphates, creatine supplementation may be constructive. Nonetheless, it should be noted that depending on the initial tissue state, it may have the appearance of dropping high-energy phosphate levels rather than increasing them, this because (for presumably the same degree of cerebral work) Cr supplementation allows more efficient coupling between mitochondrial production and energy consumption and thus allows the same functionality at lower high-energy phosphate concentrations. However, it is in this context, under conditions in which immediate energetic supply may be limited and mitochondrial damage may be self-propagating (for example, such as that seen in seizures), that Cr may change the probabilities of neuronal injury. (Table 2) 
